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(57) The present invention relates to a novel 
method of manufacturing cartxxi nanotubes and a 
method of manufacturing a nanotut>e film tfrat is com- 
posed of a multitude of cartxKi nanotut>es so oriented 
as to extend along a thickness direction of the film. The 
present invention further relates to a structure equipped 
with a cartXKi nanotube film formed on a surface of a 
base plate portion. In the method of the present inven- 
tion. SiC is heated under vacuum to rennove silicon 
atoms from the SiC, whereby the cartx)n nanotubes are 
formed at a portion of the SiC where the silicon atoms 
have been removed- This method makes it possible to 
manufacture cartx)n nanotut>es wrth high yields as well 
as high purity. The cartxxi nanotubes formed according 
to this method tend to be oriented perpendicularly to the 
surface of the SiC crystal. Thus, it is possble to obtain a 
nanotube film composed of the aforementioned cartx>n 
r^notut>es with a high degree of orientation. This 
method facilitates the maruifacture of a nanotube film 
with a large area. 
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Description 
TECHNICAL RELD 

[0001 ] The present invention relates to a method of 
manulacturing cartx)n narx)tii>es and a method of man- 
ufacturing a cartxxi nartotube film tfiat is composed of a 
multitude of carton nanotubes well oriented along a 
thickr)ess direction thereof. The present invention fur- 
ther relates to a structure equipped with a cartxxi nano- 
tube f im formed on a surface of a base plate portion. 

BACKGROUND ART 

[0002] A carbon nanotube is composed of a plurality 
of cylindrically rolled graphite films that are arranged tel- 
escopically. Corventionatly, there is generally proposed 
a method of manufacturing carbon nanotubes, wherein 
arrxxphous cartxyi as a raw material is subjected to arc 
discharge, laser radiation or tfie like under the atnrios- 
phere of an inactive gas to evaporate cartx>n arxi the 
tfxis-evaporated carbon is condensed oil (recombined 
with) a carbon rod or the like to cause cartXMi nanotubes 
to grew thereon. 

[0003] According to the aforementioned manufactur- 
ing method, amorpfXHJs cartxxi, graphite and fullerene 
are fbrnned on the cartx>n rod or the like in addition to 
the cartK)n nanotubes. Hence, several manufacturing 
methods have been proposed to increase yields of car- 
bon nanotufc>es or enhance productivity thereof. For 
exanrple, Japanese Patent Publrcation No. 254651 1 dis- 
closes a method of synthesizing fullerene and carbon 
nanotubes by means of fiigh frequency plasma, and 
Japanese Patent Application Laid-Open No. HE! 6- 
280116 disck>5es a method of manufacturing cartx>n 
nanotubes wherein arc discharge is carried out within a 
specific pressure range. 

[0004] However, according to t>oth the aforementioned 
methods, carbon narxrtubes are formed by condensedly 
recombining cartxxi vapor. Thus, to evaporate cartx>n 
wfiose boiling point is extremely high, rt is necessary to 
achieve a high temperature approximate to 3000**C. The 
manufacture of cartxxi nanotubes is conducted under 
such harsh conditions, so that it is difficult to keep the 
amount of products other than cartxxi nanotubes below 
a certain level. The conventional mettiod of causing car- 
bon nanotubes to grow from cartxxi vapor is also disad- 
vantageous in ttiat cartxsn nanocapsules tend to be 
generated and attached to a outer periphery of the car- 
bon nanotubes. 

[0005] On the other hand, it has been expected to dis- 
cover a new usage of cartx>n nanotubes in the f ieWs of 
electronk^s, material separation films and the like by 
obtaining a "cartxxi nanotube film" ttiat is composed of 
a multitude of cartxxi nanotubes well oriented to extend 
akxig a thickness direction of the film. However, accord- 
ing to the aforementioned mettiod, it is difficult to control 
the direction in which the cartxxi nanotubes grow. In 



particular, it is virtually impossible to obtain a film ttiat is 
composed of a multitude of cartxxi narK>tut>es well ori- 
ented along a certain directk>n. 
[0006] It is an object of tiie present invention to pro- 
5 vide a novel method of manufacturing carbon nano- 
tubes. 

[0007] tt is another object of the present invention to 
provide a method of manufacturing a film ttiat is conrv 
posed of a multitude of cartxxi nanotubes well oriented 
10 along a certain direction (hereinafter referred to as a 
•'nanotut)e film"). 

[0008] tt is still another object of tfie present invention 
to provide a structure equipped with a nanotube film 
formed on a surface of a base plate portion. 

75 

DISCLOSURE OF THE INVENTION 

[0009] In the case where a silkxxi cartxde (SiC) crys- 
tal is heated under vacuum, for example, at a degree of 

20 vacuum of atxHit lO '^ Torr. it has t>een known ttiat tfie 
SiC aystal becomes decomposed and lost silkxxi 
atoms when the heating temperature exceeds atxxit 
1400°C. In this state, the silicon atoms are sequentially 
removed from a surface side of the SiC crystal. In other 

25 words, the surface of the SiC crystal is first changed into 
a layer which is devoid of silkxm atoms, i.e. a layer 
solely corrposed of the remaining cartxxi atoms (here- 
inafter referred to as an "Si removed layer"). Then, the 
thickness of Si removed layer increases in such a man- 

30 ner as to gradually perrr»eate ttie interkx of the original 
SiC crystal. It has been conventionally considered ttiat 
the cartxxi atoms constituting the aforementioned Si 
removed layer are either in an anrxxpfious state or 
equivalent to a normal graphite layer. 

36 [0010] Entirely unexpectedly, fiowever, the inventors 
of the present invention fiave discovered for the first 
time tfiat the cartxxi atoms constituting the Si removed 
layer constitute carbon nanotut>es, by observing tiie Si 
removed layer using a transmisskxi electron mk^o- 

40 scope (hereinafter referred to as a TEM"). 

[0011] Furthermore, the inventors have discovered 
that a nanotube film ti^at is composed of cartxxi nano- 
tubes well oriented along a given direction can be 
obtained by heating a SiC crystal under vacuum, arxi 

45 thereby put an end to the present invention. 

[001 2] In other words, a mettiod of manufacturing car- 
txxi nanotut>es as set forth in claim 1 is characterized in 
that silicon atoms are removed from a SiC crystal due to 
a heating process of the SiC crystal under vacuum. 

50 [0013] As long as the silicon atoms can be removed 
from the SiC crystal, the manufacturing method of the 
present invention does not require any specifk; degree 
of vacuum or heating temperature. For example, the 
cartxxi nanotubes can be formed at a degree of vacuum 

55 ranging from 10*^ to 10"^^ Torr. As set forth in claim 2, 
the degree of vacuum ranges preferably from 1 0^ to 1 0 
Torr (more preferably, from 10^ to 10'^ Torr). Further- 
more, as set forth in daim 3. the heating temperature 
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ranges preferably from 1200 to 2200'*C {wore prefera- 
bly, from 1400 to 2000'*C). If the heating temperature is 
too high, cart)on nanotubes are so formed as to canni- 
tjalize each other, resulting in a case where some of the 
tubes absorb other tubes to further grew. TTiere is also 5 
a case where a disorderly arranged graphite phase is 
formed. These cases are unfavorable because the size 
of the cartxxi nanotut>es cannot be controlled with ease. 
[001 4] The aforementioned SiC crystal used in manu- 
facturing carlx)n nanotubes may be any of a-SiC, p-SiC 
and the mixture thereof. In a stage where silicon atoms 
are removed due to the heating process carried out 
under vacuum, the SiC crystal may assume a state of 
any of a-SiC, p-SiC and the mixture thereof. 
[001 5] According to the manufacturing method of the 
present invention, as the process of removing silicon 
atoms proceeds, the Si renrK>ved layer gradually 
spreads out from a surface to a central portion of the 
SiC crystal and cartxxi nanotubes are formed thereon. 
It is also possble to form cartx>n nanotubes over the 
entire SiC crystal tfiat is used as a raw niaterial. How- 
ever, if the Si removed layer t)ecomes too thick, the 
renfKval rate of silicon atoms decreases and thus lowers 
manufacturing efficier>cy. If the heating temperature or 
the degree of vacuum is set too high so as to increase 
the removal rate of silicon atoms, it t>ecomes difficult to 
control the sin of the cartxxi nanotut)es. 
[0016] The melfKxl of manufacturing carbon nano- 
tubes as set forth in claim 1 makes it possible to obtain 
cartxxi nanotut>es that are free from adheskxi of cartxxi 
nanocapsules. As long as the TEM is used, there is no 
by-product such as anxxphous cartxxi. graphite or 
fullerene observed in the Si removed layer. Accordingly, 
the manufactoring mettiod of the present invention 
makes it possifc)le to obtain cartxxi nanotubes with con- 
siderat)ly high yields as well as high purity. In addition, 
as compared to the conventkxial metfiods, the manu- 
facturing mettiod of the present invention altows the 
manufacture of cartxxi nanotubes at a lower tempera- 
ture and is therefore advantageous in terms of energy 
efficiency. Furtherrrxxe. it has been revealed from 
results obtained from EDS (energy dispersive x-ray 
spectroscopy) and EELS (electron energy loss spec- 
troscopy) analysis that cartxxi nanotubes with very high 
purity are formed. 

[001 7] The thus-obtained cartxxi nanotubes can be 
used for a variety of purposes, as is the case with those 
obtained according to the conventional metfiods. For 
exanple, the cartx>n nanotut>es are used as adsorb- 
ents, strong structural materials or the like. The carbon 
nanotubes can be subjected to further processings. For 
example, it is possit»le to provide respective tips of the, 
cartxxi nanotut>es with openings and subsequently 
introduce a substance other than cartxxi to the cartxxi 
nanotubes from the openings therec*. or to introduce 
functional groups into the cartxxi nanotubes. The thus- 
processed cartxxi nanotut^es can be used for quantum 
fine lines and the like. 



[0018] It is to be noted herein that Japanese Patent 
Application LaidOpen No. HEl 6-227806 and the like 
disclose a method of opening respective tips of cartxxi 
nanotubes and that Japanese Patent Applrcation Laid- 
Open No. HEl 8-12310 and the like discfose a method of 
introducing functkxial groups to cartx>n nanotut)es. 
[001 9] An essential advantage of the manufactoring 
method of the present invention consists in the capatxl- 
ity to manufacture a "nanotube film". 
[0020] That is. the manufacturing method as set forth 
in claim 4 relates to a method of manufacturing a cartxxi 
narx>tube film tfiat is composed of a multitude of cartxxi 
nanotut>es so oriented as to exterxJ along a thk;kness 
direction of the film and is characterized in tfiat silicon 
atoms are rerTx>ved from a SiC crystal due to a heating 
process of tfie SiC crystal under vacuum. 
[0021] For exanple. the aforementioned manufactor- 
ing method makes it possUe to obtain a nanotube film 
wherein 50% or more (more preferably, 70% or rrxxe) of 
the cartxxi nanotubes constituting the nanotube film 
extend akxig such a directkxi as to form 45^ or less 
(rrxxe preferatily, 30° or less; and still more preferat)ly, 
15° or less) with a thickness directkxi of tfie nanotube 
fHm. 

[0022] As set forth in claim 5. the degree of vacuum in 
renrtoving silicon atoms from the SiC crystal preferatjiy 
ranges from 10'^ to 10'^ Torr (rrxxe preferat)ly. from 10' 
® to 10^ Torr). As set forth in daim 6. the heating tem- 
peratore in removing silkxxi atoms from the SiC crystal 
preferat)ly ranges from 1 400 to 2000°C. If the heating 
temperatore or the degree of vacuum exceeds the pre- 
determined range, silfoon atoms are renrxjved from the 
SiC crystal at a high rate. Thus, the orientatkxi of the 
cartxxi nanotot>es constituting the nanotut>e film tends 
to t>ecome disorderly. If the heating temperatore is too 
high, cartxxi nanotubes cannit>alize each other, result- 
ing in a case where some of the tubes at)sorb other 
tut>es to torther grow. There is also a case where a con- 
tinuous growth of the disorderly graphite phase pre- 
vents cartx)n nanotut>es from t>eing formed. 
Consequentiy, the orientation and size honrxjgeneity of 
the carbon nanctut>es may t>e adversely affected, or it 
becomes difficult to conti-ol the size of the tut>es. There- 
fore, the heating temperatore shoukl not t>e too high. 
[0023] Ttie manufactoring mettxxi of the present 
invention makes it possit)le to form a nanotube film on 
all the planes of the SiC crystal, which is used as a raw 
material. In a nanotube film formed on each p)lane of the 
SiC crystal, the carbon nanotobes constituting ttie nan- 
otut>e film tend to t>e oriented perpendicularly to tiiat 
plane. To obtain a well-oriented nanotuk>e film, the 
(0001) plane is suitat)le in the case of a-SiC and the 
(111) plane is suitat)le in the case of p-SiC. It is po5sit)le 
to form on these planes a cartxxi nanotut>e film with a 
high degree of orientation along the directions [0001] 
and [111] respectively. 

[0024] However, the relatfonship t)etween the crystal 
plane and tiie orientation of cartxxi nanotubes is 
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unclear in the central portion of a SiC crystal particle, so 
that the orientation of cartxxi nanotubes is adversely 
affected. Thus, with a view to obiaining a well-oriented 
nanotube films it is preferable to generate the nanotube 
film in the vicinity of the surface of the SiC crystal. For 5 
example, in the case where the SiC crystal is p-SiC in 
the shape of a cube having a side of 2.0^m, the easy 
obtainment of a well-oriented nanotube film requires 
that the film have a thickness smaller than O.Sjim. How- 
ever, this does not apply to the case where silicon atoms 
are essentially removed from one side of the crystal, 
e.g. the case where a SiC aystal in the shape of a flat 
plate is fornied on a substrate impervious to Si gas. By 
heating the cartxxi nanotubes lor a long period of time 
at a lew temperature, for example, at 1500*'C. it is also 
possible to increase the length of the carbon nanotut>es 
and thus the thickness of the nanotube film. 
[0025] It will now be descri:>ed with reference to Fig. 1 
how a nanotube film is fornoed on the (1 1 1) plane of p- 
SiC according to the manufacturing method of the 
present inventkxi. 

[0026] If p-SiC is heated to ^AO(rC using laser t>eam 
radiation means or the like, for example, at a degree of 
vacuum of 10"^ Torr as shown in Fig. 1(a), Si escapes 
from the SiC particle and enters a gas phase as stx>wn 
in Fig. 1{b), whereby a silicon (Si) removed layer is 
formed in the vicinity of a surface of the SiC particle. In 
ttiis state, as shown in Rg. 1 (c), cartxxi nar>otut>es with 
a high degree of orientation along the direction [111] are 
densely formed on the Si rerrxved layer. 
[0027] According to the method of manufacturing a 
nanotut>e film as set forth in claim 4, a nanotube film 
ttiat is compost of a multitude of carbon nanotub>es 
well oriented along a thickness direction of the film can 
be obtained. For example, sirx;e this nanotube film 
exhbits a certain level of conductivity in the thickness 
diredkxi thereof txrt little corxJudivrty in a face direction 
thereof, rt can be used as a device or the like. In addi- 
tion, since the nanotut)e film exhitxts a high degree of 
honx>gen6ity, it is also useful as a new devk:e. a device 
utilizing quantum effects or the like. Besides, the narx> 
tube f im is also applicable to field emmites, a flat-panel 
display and the like. 

[0028] Furthermore, rf the tips of the respective tubes 
constituting the nanotLrt>e film are provided with open- 
ings, a "nanopipe film" with a multitude of minute pas- 
sages exterxjing along the tNckness direction of the film 
is formed. This narxjpipe film is capable of functionir>g 
as a high-quality material separation film. In this type of 
material separation film, it is preferat>le that the afore- 
mentkxied passages be arranged as neatly as possfete 
so as to reduce the resistance resulting from material 
flew. The manufacturing method of the preserrt inven- 
tion makes it possit)le to ot>tain a nanotut)e film with a 
high degree of orientation. Therefore, the nanopipe film 
with a high degree of orientation, which is made from 
the nanotube film, is suited for use as a material sepa- 
ration film. In addition, functional groups may t>e intro- 



duced to the nanopipe film, whereby it is possible, for 
exarrple, to adjust characteristics of material separa- 
tion. 

[0029] Furtherrrxxe, the method according to the 
present invention makes it possible to obtain a nano- 
tube film that is composed of densely arranged cartxxi 
nanotubes with a high degree of orientation. Thus, it is 
possitkle to obtain a cartx>n material suited for a nega- 
tive pole of a lithium-ion battery by providing the cartxxi 
nartotubes of the r^notut)e film with openings. In the 
lithium-ion battery, a cartxxi-k>ased material such as 
graphite is enrpk>yed for the negative-pole, so ttiat lith- 
ium ions can move arrxxig layers (gaps formed anrxxig 
cartxxi rTK>lecules). The material of the present inven- 
tkxi is obtained by providing the cartxxi nanotubes of 
the narK)tut>e film with openings. This material exhibits a 
large specific surface area t>ecause the cartxxi nano- 
tubes are densely arranged, and facilitates migration of 
lithium ions because the material is composed of a mul- 
titude of minute straight pipes with a high degree of ori- 
entatkxi. 

[0030] Furtherrrxxe, the manufacturing mettxxl as set 
forth in claim 4 makes it possible to obtain a nanotuk)e 
f ilm with a larger area in comparison with a conventional 
one. The manufacturing method as set forth in claim 7 is 
a example of such a mettiod whk;h enables the manu- 
facture of a nanotube film with a large area. This 
method is ctiaracterized in that a SiC single crystal f ^m 
is formed on a surface of a sut>strate and the SiC single 
crystal film is then heated under vacuum to remove sili- 
con atoms therefrom and in ttiat the carixxi nanotuk>e 
film that is composed of a multitude of cartxxi nano- 
tubes so oriented as to extend along a thickness direc- 
tion of the SiC single crystal f im is formed over at least 
a partial thk;kness portion of a surface skJe of the SiC 
single crystal film. 

[0031 ] For example, a material such as a SiC single 
crystal, a cartxxi sii>strate or the like can b»e used as 
the aforementioned "substrate". 
[0032] In the case where a carbon substrate is used, 
for example. Si is implanted into a surface of the cartxxi 
sut>strate so as to form a SiC phase thereon. The SiC 
phase is then heated under vacuum to generate cartxxi 
nanotut>es from the SiC phase, whereby a nanotube 
film can t>e ot>tained. 

[0033] In the case where a Si single crystal is used as 
the substrate so as to manufacture a nanotube film, for 
example, the following method is suited to be carried 
out. That is, a SiC single crystal film is formed on a sub- 
strate composed of Si (1 11] single crystals by means of 
a chemical vapor deposition method (hereinafter 
referred to as a "CVD method^. The surface skie (i.e. 
the skle opposite to the sutetrate) of the thus-obtained 
SiC single aystal film corresporxjs to a (111) plane. 
Then, the aforementfoned sutetrate, which is more sus- 
ceptib>le to oxidatkxi than the SiC single crystal film, is 
partially or entirely removed as Si02 by means of a 
heating process carried out under vacuum. Thereafter. 
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the remaining SiC single aystal film is further heated, 
whereby silicon atoms inside the SiC single crystal film 
are removed from the side of the (1 11) plane. Conse- 
quentty, a nanotube film ttiat is composed of cartx>n 
nanotubes well oriented along the direction [111] is 
obtained over at least a partial thickness portion of the 
surface side of the SiC single crystal film. It is also pos- 
sible to form cartxxi nanotubes extending along the 
direction [111] over the errtire thickness of the SiC single 
crystal film. i.e. from the surface side to the substrate 
side. 

[0034] It is already krtown to form a SiC single crystal 
film on a substrate by means of the CVD method. The 
art tor forming a SiC single crystal film wrth a relatively 
large area by means of the CVD method is also known. 
Furthermore, the corrventional, art wherein cartx>n nan- 
otubes are caused to grow by means, of corxiensatkxi 
of carbon vapor requires a high temperature approxi- 
mate to 3000°C and thus empk>ys heating means such 
as arc discharge, laser or tfie like. In this conventional 
art, rt is difficult to perform a heating process homoge- 
neously over a large area. However, the manufacturing 
mettxxj of the present inverrtk)n does not necessitate a 
heating temperature higher than 2000**C and thus 
employs a normal heating furnace such as an electric 
furnace, an image furnace (a heating process based on 
condensation of far-infrared rays) or the like. Therefore, 
the present invention makes it possible to heat the 
entire SiC single crystal film with a large area relatively 
homogeneously. Accordingly, the manufacturing 
method of the present inventk>n is quite useful in manu- 
facturing a nanotube film with a large area, which was 
converrtionally drffkxilt to manufacture. To furKtion as a 
material separation film suited tor practical use, the nan- 
otube film is required to have an area equal to or larger 
than 3cm^. Preferably, it is required to have an area 
equal to or larger than 5cm^. Consequently, the marxj- 
facturing method of the present invention which allows 
enlargement of tfie area of tf>e narx>tube film, is suited 
to manufacture a nanotut>e film used as a material sep- 
aratton film. 

[0035] The method of manufacturing a nanotut>e film 
as set forth in daim 8 is characterized in that a SiC sub- 
strate is heated urxier vacuum to remove silicon atoms 
from the SiC substrate and in tf)at the cartx>n nanotube 
film that is composed of a multitude of cartxxi nano- 
tut>es so oriented as to extend akxig a thrckness direc- 
tion of the SiC sul>s1rate is formed over at least a partial 
thickness portion of a surface side of the SiC sutsstrate. 
[0036] Both a single crystal and a potycrystal can be 
employed as the aforementioned SiC substrate. How- 
ever, if a film with a high degree of orientation is to be 
formed over a relatively large area, it is preferable to use 
the sir)gte crystal. The SiC sut)strate may be any of a- 
SiC, p-SiC and the mixture thereof. In a stage where sil- 
icon atoms are removed due to the heating process car- 
ried out under vacuum, the SiC crystal may assume a 
state of any of a-SiC. p-SiC and the mixture thereof. 



Although the aforementioned SiC substrate is not lim- 
ited to any specifk; shape, it is usual to use a substrate 
in the shape of a flat plate. 

[0037] In the present invention, it is not completely 
5 dear why cartx>n nanotut>es can be eff toiently manufac- 
tured under easier corxiitions as compared to the con- 
ventional methods and why a nanotut)e film composed 
of well-oriented cartx)n nanotubes is obtained. How- 
ever, ft is inferred that unlike the case where cartxxi 
10 nanotubes are caused to grow from cartxxi vapor, the 
graphite constituting carton nanotubes wouki grow epi- 
taxially in the SiC crystal. 

[0038] The aforementtoned infererKe, is based on the 
fact that the orientatkxi of the SiC crystal is likely to 

15 affect the degree of orientation. It is considered that car- 
txxi nanotubes are generated while inheriting the crys- 
tal structure of SiC to a certain extent. 
[0039] Claim 9 relates to a structure equipped with a 
nanotube film. That is. there is proposed a structure 

20 equipped with a cartxxi nanotube film, induding a base 
plate Fxxtion and the cartxxi nanotube film tfiat is com- 
posed of a multitude of cartxxi narK>tubes formed on a 
surface of the base plate portkxi and oriented so as to 
extend along a thrckness direction thereof, character- 

25 ized in that the cartxxi nanotube film is formed t)y heat- 
ing under vacuum a substrate having at least a surface 
layer composed of a SiC crystal to remove silicon atoms 
from tfie SiC crystal. 

[0040] It is to t>e indk:ated herein ttiat the "substrate 

30 having at least a surface layer composed of a SiC crys- 
tal" may t>e either a substrate tiaving a SiC crystalline 
layer on a foundatkxi layer or a substrate entirely com- 
posed of SiC crystal. In "removing s*\Kon atoms from 
the SiC crystal" to form a nanotube film, the silicon 

35 atoms may t>e removed either from a partial thickness 
portion of the surface side of the SiC crystal (i.e. a nan- 
otube film is formed from a partial thid^ess portkxi of 
the surface side of the SiC crystal) or from the entire 
thickness of the SiC crystal (i.e. a nanotut>e film is 

40 formed over the entire thk:kness of the SiC crystal). 
[0041] The aforementtoned nanotube film may t>e 
formed on only one surface of the aforementioned base 
plate portion, on both the surfaces thereo#, or on at least 
one surface and a lateral end (i.e. thtokness portkxi) 

45 thereof. In addition, a nanotube film may be formed 
either over a certain area on the surface of the t>ase 
plate portkxi or on the entire surface thereof. To form a 
narK>tube film over a certain area of the surface of the 
base plate portion, there is emptoyed a mettrod wherein 

50 the substrate is heated under vacuum while a material 
impervious to Si gas is deposited on a predetermined 
portkxi of the surface of the SiC crystal. By making use 
of the fact tfiat the capyacity to generate cartxxi nano- 
tubes differs depending on the crystal orientation of SiC. 

55 the surface of the SiC crystal may t>e partially cut out, 
for example, into the shape of V so as to change the 
CTystal orientation on the surface (i.e. txjth a plane with 
a high capacity to generate cartxxi nanotubes and a 
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plane with a low capacity to generate cartxxi nanotubes 
nr^y be provided). In this manner, it is possible to form a 
nanotube film over a certain area of the base plate por- 
tion. However, it is usually prefenred that a nanotube film 
is formed on one surface of the base plate portion over 5 
the entire area thereof, from a partial thickness portion 
of the surfiace side of the SiC crystal. 
[0042] Fig. 11 (a) is a model view shewing a structure 
la with a nanotube film 13a. Referring to Fig. 1 1 (a), the 
nanotube film 1 3a is fornDed on one surlace of a base 10 
plate portion 12a composed of SiC over the entire area 
thereof, from a p>artial thickness portion of a surface side 
of the SiC ayslal. Fig. 1 1(b) is a nrxxiel view showing a 
structure lb with a nanotube 13b. Referring to Fig. 
1 1 (b) , a substrate with a SiC crystalline layer on a foun- is 
dation layer 14b composed of Si is used, and the nano- 
tube film 13b is formed from a partial thickness portk>n 
of a surface side of the SiC crystal. In the structure lb, 
the base plate portion 12b is connposed of those por- 
tior)s of a SiC aystal lib where the nanotube film is not 20 
to t>e formed and tfie foundation 14b. Fig. 11(c) is a 
nxxiel view showing a structure 1c with a nanotube film 
13c. Referring to Fig. 11(c). the nanotut)e film 13c is 
formed on one surface of a base plate portion 12c com- 
posed of SiC, over a certain area thereof as well as over 25 
a partial thk:kness portion tfiereof. 
[0043] In this structure, a narrotube film of the same 
nature as observed in the nanotube film nnanufactured 
according to the methods as set forth in claims 4 
through 8 is provided on the surface of the base plate 30 
portion. Therefore, this structure is applicable to a 
device, a device utilizing quantum effects, a emitter of a 
transistor, a flat-panel display, a negative pole of a lith- 
ium-ion battery and the like. 

[0044] In the aforementioned structure, the base plate 35 
portion is not limited to any specrfk; thickness. The nan- 
otube film is also not limited to any specific thickness. 
However, if the structure is used for the aforementioned 
purposes, the ttiickness of the narKJtube fim (i.e. the 
length of the cartxxi nanotubes) ranges preferably from 40 
0.01 to SO^m, more preferably from 0.05 to 2^im, arxJ 
still rrxxe preferably from 0. 1 to 1 0jxm. Furthermore, it is 
preferable that 50% or rrxKe (rrxKe preferably, 70% or 
more) of tiie carbon nanotubes constituting the nano- 
tube f Hm extend along such a direclk)n as to form 45° or 45 
less (more preferat)ly, 30° or less; and still more prefer- 
ably, 15** or less) with a thickness direction of the nano- 
tube film. In addition, the continuously formed nanotut>e 
firm preferably has an area equal to or larger than 3crn^. 
More preferably, it has an area equal to or larger than 50 
5cm2. 

[0045] As descrit>ed hitherto, the method of manufac- 
turing cartxHi nanotul>es according to the present inven- 
tion nr^kes it possible to obtain carbon nanotubes with 
high yields as well as high purity, by using a method 55 
completely different from corrventional ones, tiiat is, a 
method of rennoving silicon atoms from SiC. The 
nr>8thod of manufacturing a nanotut>e film according to 



the present invention makes it possible to easily manu- 
facture a nanotube film. whk;h was conventionally diffi- 
cult to manufacture. If this metixxJ is used, it is also 
possit)le to obtain a nanotube film with a large area. 
Accordingly, the methods of manufactijring cartx>n nan- 
otut>es and a nanotut>e film accorcfing to the present 
invention are highly useful in the fiekis of electronics, 
material separatkMi films and the like. 
[0046] In the structure equipped with a nanotube film 
according to the present inventk>n, the nanotube film is 
provided on the surface of ttie base plate portion. Thus, 
this structure is highly useful in the f iekis of electronics, 
gas separation films and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0047] 

Rgs. 1(a) through 1(c) are nxxlel views showing 

how a nanotube film is gerierated according to a 

method of the present invention. 

Rg. 2 is a TEM photograph showir>g the crystal 

structure of a SiC particle having the nanotube film 

manufactured according to Example 1 . 

Rg. 3 is a TEM photograph showing the crystal 

structure in the vicinity of a surface of the nanotube 

f ilm shown in Fig. 2. 

Rg. 4 is a TEM ptiotograph showing the nanotube 
film formed on the plane 1 of the SiC particle shown 

in Rg. 2. 

Rg. 5 is a TEM photograph showing the nanotut>e 
film formed on the plane 2 of the SiC particle shown 

in Fig. 2. 

Rg. 6 is a TEM photograph showing the nanotube 
film formed on the plane 3 of the SiC particle shown 
in Fig. 2. 

Rg. 7 is a TEM photograph showing the nanotube 
film formed on the plane 4 of tiie SiC particle shown 
in Fig. 2. 

Rg. 8 is a TEM photograph showing the crystal 
structure in the vk;inity of the surface of the SiC par- 
ticle when a sample shown in Fig. 2 has l>een fur- 
ther heated. 

Rg. 9 is a TEM photograph showing the crystal 
structure in the vicinity of the surface of the SiC par- 
ticle when the sample shown in Fig. 2 has been fur- 
tiier heated. 

Rg. 10 is a TEM photograph showing the crystal 
structure in the vk^inity of the surface of the SiC par- 
ticle when the sample shown in Rg. 2 has l^een fur- 
ther heated. 

Rgs. 1 1 (a) through 1 1 (c) are cross-sectional nxxiel 
views showing an example of a structure equipped 
with the nanotut>e film of the present invention. 
Rg. 12 is a cross-sectional view shewing a sample 
case used in heating the sample in Exanrple 2. 
Rg. 13 is a explanatory view schematically showing 
a carbon heater used in heating the sample in 
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Example 2. 

Fig. 14(a) is a TEM photograph showing a aoss- 
section of the structure equipped with the narxjtube 
film manufactured according to Example 2, and Fig. 
14(b) is a TEM photograph showing the tips of car- 
bon nanotubes shown in Rg. 14(a) on a enlarged 
scale. 

Fig. 1 5 is a photograph showing an electron diffrac- 
tion pattern including the SiC crystal ard the cartx>n 
narxstubes of the structure equipped with the narx>- 
tube film manufactured according to Example 2. 

BEST MODES FOR CARRYING OUT THE INVEN- 
TION 

[0048] TTie present invention will be described herein- 
after in further detail based on exarrples tf>ereof. 

(Example 1) 

[0049] The present example 1 is a example in wfiich a 
YAG laser b>eam is used as heating means. 
[0050] A SiC sintered compact that has been lightly 
sintered under the condition of 1 650°C x 30min. was cut 
into a length of 3mm. a width of 5mm arxj a thickness of 
0.1mm so as to be used as a sample. This SiC sintered 
compact essentially consists of p-SiC and is partially in 
the process o# a transition to a-SiC. 
[0051] The aforennentioned sample was heated and 
observed using a TEM that is equipped with a sample 
heating device (marufactured by Nippon Electronics 
Inc., named •'JEOL-4000FX and having an accelerat- 
ing voltage of 400kV). By using optical fiDers, the afore- 
mentioned sample heating device transmits a 
continuously oscillated YAG laser beam to a electron 
microscope and condenses \he YAG laser t>eam onto 
the sample, thereby heating the sarrple within the elec- 
tron microscope. A substantially central portion of the 
aforementioned sarriple was irradiated with the YAG 
laser beam in an area of 0O.2-O.3mm. 
[0052] The temperature of the sample was measured 
in a non-contacting state by utilizing a ftoer optical sys- 
tem to introduce the radiation energy emitted from the 
heated sarrple into a detector. 

[0053] Fig. 2 Shows a p-SiC particle that was 
observed at a location slightly distant from the center of 
an inadiation range of the laser beam when the sample 
was heated to 1400**C at a degree of vacuum of 10^ 
Torr arxJ a heat-up rate of SC'C/sec. and maintained at 
the temperature for three minutes. It is observed tfiat a 
SiC renrxjved layer has a thickness of approximately 
O.l^m in the vicinity of the surface of the particle. It has 
been confirmed through EDS, observation of a EF-TEM 
(energy filtering transmission electron microscope). 
EELS and a result of an electron diffraction figure that 
the SiC rerTKived layer is subjected to carbonization due 
to renrxTval of silicon atonr>s It is to be noted fierein that 
numerals 1 through 4 in Fig. 2 derx)te respective planes 



of the aforementioned particle. TTie plane 1 corre- 
sponds to a plane (1 1 1] of p-SiC. 
[0054] Fig. 2 reveals that the SiC removed layer has a 
fber-like structore extending substantially along tfie 

5 thickness direction of the layer. Fig. 3 shows a part of 
surface portion of the plane 1 shown in Rg. 2, which 
surface portion is observed with a high resolution. It is 
observed that the aforementioned tit)er-like structure" 
is composed of cartx>n nar)otubes that are densely ori- 

10 ented along tf>e thickness direction of the layer. 

[0055] Figa 4 through 7 show the planes 1 through 4 
of the particle shown in Rg. 2 respectively on an 
enlarged scale. It is apparent that a nanotubef ilm tfiat is 
composed of cartxxi nartotubes having a substantially 

15 equal length and oriented afong the thickness direction 
is formed on each of the planes. As shown in Fig. 4, the 
plane 1 exhibits a particularly good orierrtation of the 
cartxxi nanotubes. 

[0056] Figs. 8 through 10 show the aforementioned 

20 sampi e further heated to 1 BOO^'C at a degree of vacuum 
of 10"^ Torr after being heated to 1400°C under the 
aforementioned conditions. As the sanple rose in tem- 
perature, it was observed that the cartxxi nanotubes 
cannibalize each other and some of them grew further. 

25 It is evident from Rgs. 8 through 10 that tf)e thus-grown 
tubes have a hollow structure with its end cbsed. 
[0057] In Figs. 9 and 10. the entire SiC particle has 
been changed into cartx>n narK>tubes due to the high 
temperatore. It is considered \hai the cartxxis disorderly 

30 arranged within the particle have served as a feed 
source to promote narxTtutxjIation. 
[0058] In each of Rgs. 2 through 10. the portion in^- 
diated with the YAG laser beam for heating purposes is 
observed. However, the generation of cartxxi nano- 

35 tubes was observed on the sample heated through heat 
conduction also at a focation out of the irradiation rage 
of the laser. Accordingly, even in the case wfiere the 
sample is heated to a predetermined temperature using 
heating means other ttian irradiation with a laser beam, 

40 rt is considered that caitxxi nanotufc>es will be gener- 
ated. 

[0059] Under an ot)servation during a heating proc- 
ess, ttie sample is irradiated with electron beams. How- 
ever, since cartx)n nanotubes fiave been formed on 
45 arx)ther portion that was observed after completion of 
the heating process, it is concluded that the generation 
of cartxxi nanotubes does not necessitate irradiation 
with electron beams. 



[0060] The present example 2 is an exarrple in which 
a heating furnace is used as heating means. 
[0061 ] An a-SiC single crystal wafer (in the shape of 
55 a flat plate having a dimension of 5x5x0. 4mm) was 
used as a sample. As shown in Rg. 12. a cartxxi plate 
41 of high purity was laid on a bottom of a cover- 
attached cartxxi case 4 serving as a case for the sam- 
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pie (having a dimension of 013Oxl3Omnri), and the 
aforementioned wafer 5 was horizontally set thereon 
with its miTKX surface ((0001) plane) facing tpwards. 
Then, the cover 43 having an exhaust hole 42 of 05nnm 
in a central portion thereof was closed. These were 5 
accommodated in a cartxxi heater 6 shown in Fig. 13 
and heated under the following conditions. It is to be 
noted in Fig. 13 that reference numerals 61 and 62 
denote a exothermic body and a t>ench for the sample 
case respectivety. 70 

[heating corxJitiorts] 
[0062] 

IS 

degree of vacuum; 1 xlO'^ Torr 
heating furnace; a cartx)n heater manufactured by 
Fuji Electric Wave Industry Inc. and named "high 
multi-1 0000 furnace" 

type of exhaustion; an oil diffusion pump and a 20 
rotary pump 

measurenf>ent of temperature; thermo-couples are 
used below 1200"C and a pyrometer attached to 
the heating furnace is used at 1200**C or higher, 
heat-up rate : the temperature first rises from a room 25 
temperature to 1200°C in an hour and reaches 
1700**C in the next thirty minutes. Then, the sample 
is maintained at 1700**C for trtrty minutes, 
cooiing-down rate; the temperature falls to 1 000**C 
in thirty minutes and the sample is subjected to fur- 30 
nace cooling. 

[0063] Fig. 1 4(a) shows an observed image of a TEM 
cross-section of the sample that has been obtained by 
means of dimpling and ion thinning, tt is to be noted 36 
herein that a black portion in the lower part is a SiC 
crystal. There is a contrast observed among streaks 
having a uniform thk^kness of O lSjun and extending 
perperxjkxilar to the surface of the SiC crystal. These 
streaks are formed of a cartx>n layer that fias t»een left 40 
as a result of decomposition and removal of silicon 
atoms due to the heating process of SiC. This fact was 
also confirmed by an elemerrtal analysis, which proved 
that the streaks are essentially made of cartxxi. 
[0064] Fig. 14(b) shows an enlarged image of the tips 46 
of the cartx)n nanotubes shown in Fig. 14(a). This 
image has revealed ttiat the densely arranged cartx>n 
nanotubes with a cross-sectional diameter of 2~5nm 
form a orierrtation film. 

[0065] As shown in Rg. 14(a). the cartxxi nanotut>es so 
are linear and substantially of an equal length. It tias 
also been revealed ttiat the length of the cartxxi nano- 
tubes (the thickness of the nanotube film) can be con- 
trolled easily by adjusting temperature, time arxJ degree 
of vacuum. For example, in the case where ttie sample 56 
was heated under the condltkxi that "the temperature 
rises from 1200**C to 1500** in thirty minutes" instead of 
the condition that "the temperature rises from 1 200**C to 



1700*" in thirty minutes" while all the other heating con- 
ditions remained unchanged, the length of the cartxxi 
nanotubes turned out to be 50nm (O.OS^m). 
[0066] Fig . 1 5 shows an el ectron t>eam diffraction pat- 
tern including the SiC crystal and the carbon nanotubes 
of the aforementioned sample. The diffraction pattem 
indicates that the direction of inadence of the electron 
beam is parallel to the direction [110] of SiC ad the 
direction of reflectkxi of 002 of graphite is completely 
perpendicular to the direction [001 J of SiC. The reflec- 
tion of 002 of graphite is sharp and indicates tfiat the 
cartxxi nanotubes exhikxt a very high degree of orienta- 
tion, tt has t>een measured using this diffraction pattem 
tfiat the lattk^e constant of the graphite constituting the 
cartxxi nanotubes is 0.344nm. 
[0067] The present inventk>n is not limited to the afore- 
mentioned concrete examples, and tiiese exanples are 
susceptible of various modrf k^ations within the scope of 
the present invention in accordance with the purpose 
and usage thereof. 

Claims 

1. A metiiod of manufacturing cartxxi nanotubes. 
characterized in that silicon atoms are renx>ved 
from a SiC aystal due to a heating process of sakJ 
SiC crystal under vacuum. 

2. The method according to claim 1 , wherein sakj vac- 
uum has a degree of vacuum ranging from 1 0'^ to 
10-^° Torr. 

3. The method according to claim 1 or 2, wherein said 
fieating process is carried out at a temperature 
ranging from 1200 to 2200**C. 

4. A method, of manufacturing a cartxxi nanotube film 
tiTat is conposed of a multitude of carbon nano- 
tut>es so oriented as to extend akxig a thickness 
drection of the film, cfiaracterized in that silicon 
atoms are removed from a SiC crystal due to a 
heating process of said SiC crystal under vacuum. 

5. The mettiod according to claim 4, wherein said vac- 
uum has a degree of vacuum ranging from 1 0'^ to 
10 ^ Torr. 

6. The method according to claim 4 or 5. wherein said 
heating process is carried out at a temperature 
ranging from 1 400 to 2000''C. 

7. A method of manufacturing a cariDon nanotube film, 
characterized in that a SiC single crystal film is 
formed on a surface of a substrate and said SiC sin- 
gle crystal fim is then heated under vacuum to 
remove silkxxi atoms therefrom and in that the car- 
bon nanotube fim that is composed of a muftrtude 
of carton narxrtubes so oriented as to extend along 
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a thickness direction of said SiC single crystal film 
is formed over at least a partial ttiickness portion of 
a surface side of said SiC sirigle crystal film. 

8. A method of manufacturing a carbon nanotube film, s 
characterized in that a SIC substrate is heated 
under vacuum to remove silicon atoms from said 
SIC substrate and in that the carbon nanotube film 
that is composed of a multitude of carbon narx>- 
tubes so oriented as to extend along a thickness io 
direction of said SiC substrate is formed over at 
least a partial thk:kness portion of a surface side of 
said SiC sut>strate. 

9. A structure equipped wrth a cartxxi nanotube film, is 
corrprising a base plate portion and the cartK>n 
nanotube film tfiat is composed of a multitude of 
cartx>n nanotLt>es formed on a surface of said base 
plate portion and so oriented as to extend along a 
tNckness direction thereof, characterized in tfiat 20 
said cartx>n nanotube film is formed by beating 
under vacuum a substrate having at least a surface 
layer composed of a SiC crystal to remove silicon 
atoms from said SiC crystal. 
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